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• Transparent armor for applications such as vision

olocks, wind streens, and face shields rel yWpolymers either com-
pletely or as a part of a ceramic-plastic composite. Transparent
polymeric armor systems are not currently as efficient on a weight
basis as opaque armor systems. This work was udertaken to find

- - was to icreasethe eficiency of polymeric armor system.
tor 

k t
. OKientation and processing variations, are kno$n to

have a large effect on the static mechanical properties.- f polymers
and spurious data have indicated increases in ballistic resistance
for hot stretched homogeneous armor. The-iifluence of hot stretch-
ing and other processing variables on ballistic resistance were
studied. The effect of orientation on fracture surface energy was
studied in some detail to provide insight into the fundamental proc-
esses involved in polymer failure.

It would be highly desirable to be able to correlate
ballistic behavior wit0 the material and physical properties of thepolymeric system to enable rapid predictions of ballistic resistance

as well as to lead to improved transparent armor. Up to the present
time no such correlation has been known. It was one of the purposes
of this study to determine what properties, if any, would consist-
ently be indicative of the ballistic strength of the polymer.
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II. INFLUENCE OF PROCESSING VARIABLES

A study of the effects of orientation, thermal treat-
ment, and water content was carried out to establish the effects of
processing variations on the static and ballistic behavior of
polymers. The effects of orientation and gammairradiation induced
crosslinking on the fracture surface energy calculated by direct
measurement of energy input to a growing crack wa; studied. Dra-
matic changes in the static rate mechanical properties occurred (see
Table I) but the magnitude of those effects was not carried over to
the ballistic resistance.

Hot stretching of a wide variety of polymers was attempted.
Various polymers were hot stretched at temperatures in excess of the
glass transition. The ease of hot stretching was found to vary
widely both because of chemical decomposition (e.g., polysulfone) and
necking behavior (e.g., polypropylene). Polycarbonate, poly (methyl
me+hacrylate), XT-500, polystyrene, and polyphenylene oxide were
successfully hot stretched.

Samples of the hot stretched polymers were tested for bal-
listic and mechanical properties at the U. S. Army Natick Labora-
tories. The existence and extent of orientation of the hot stretched
polymers were established by means of optical birefringence. Fracture
surface energy was determined by direct measure of encrgy input to a
stable fracture in a triangular cross section bending sample(l). The
fracture energy for biaxially oriented polystyrene as a function of
degree of hot stretching is shown in Figure 1. Figure 2 shows the
results of ganmmf irradiation on the fracture energy of biaxially
oriented polystyrene. The large anisotropy induced by orientation
is apparent in Figure 1. Inhomogeneous orientation can degrade the
ballistic performance of polymers by introducing planes of low frac-
ture surface energy which leads to splitting and lath-like failure
of the plate. Homogeneously oriented polymers did not show any
change in ballistic resistance compared to the non-oriented state
when tested with a .22 cal fragment simulator.

Stretched polymers do perform better -when utilized in
composite armor as back up plates for ceramic materials. The reason
for this difference in behavior is most likely due to the increase
in toughness in the plane of the plate exhibited by oriented polymers

In the gase of direct interaction with a missile, the armor plate
experiences large shear stresses under the missile, while for a back
up material the stresses are largely tensile acting in the plane of
the plate.

When stretched polycarbonate is used as a back up plate in
a glass-polymer transparent armor system, weight savings on the
order of 15 percent can be achieved, Further ieight reductions are
possible through optimization of design of composite armor systems.

44o
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Polycarbonate samplfes were quenched frcm above the glass
transition, annealed below the glass transition, and held at 90CC in
both very low and very high humidity atmospheres. None of the treat-
ments gave rise to detectable changes in the ballistic properties of
polycarbonate, when tested with a .22 cal fragment simulating projec-
tile. Oriented poly(methyl methacrylate) samples were water satu-
rated and dried in controlled temperature and humidity conditions.
No changes in the ballistic resistance was observed even though large
changes in the static rate properties have been reported by Ender(3)
for similar treatments. The insensitivity of ihe ballistic resist-
ance to the treatwents described is somewhat surprising in light of
the large changes which occur in static properties. The insensi-
tivity to mechanical state also implies an attendant large dependence
of the ballistic resistance on the mdamental building blocks of the
polymer rather than the details of their arrangement.

III. TRANSITION TEMP-ERATURE CORRELATIONii An extensive search for a correlation between mate-
rial properties and ballistic resistance was conducted in order to

provide direction in the development of new materials for armor use-
In the course of this search, several suspected pertinent properties

-- were investigated. Table I shows a sample of these variables. No
real correlation was found to exist between the ballistic properties
and the properties shown, as with all other commonly observed
properties.

Several investigators, notably Nielson(4), Matsuoka(5,6),
and Boyer(7), hftve hinted that in order for a polymeric material to
-have good impact strength, it must have at least two transitions,
one occurring above ambient temperature (the glass transition
temperature, Tg) and one belcra ambient temperature (a "brittleness"
temperature). Figure 3 and Table III give the results obtained when
such a correlation is attempted in terms of the relative difference
between the upper and lower transitions.

As can be seen from the graph, the correlation is remark-
ably good. It shows that as the spread between the two transitions
increases, the better the polymer performs ballistically. For the
first time a property is known to exist which can predict ballistic
performance.

A low temperature transition in a glassy amorphous polymer
is not in itself indicative of good impact behavior. It appears that

-this transition must be specific in its source; e.g., preliminary
data show that the low temperature transition must be caused by
-motion in the main chain of the polymer, not by side group movement.
This restriction is not necessarily adverse. It can be quite useful
from a molecular standpoint, resolving hitherto controversial transi-
tions into main chain or side chain motions.

a .

.~ I 9. _3



MARTIN, LEWIS AND THOMAS

The most exciting aspect of the transition temperature
correlation is that it obviously depends on molecular parameters such
as chain stiffness. That thermal and mechanical behavior for a
polymer should be so intimately connected opens new vistas of investi-
gation. Parameters such as chain stiffness and glass temperatures,
calculable from first principles, have ultimate influence on the
behavior of bulk polymer systems. Screening of candidate polymer
armors by simple thermal measurements as well as prediction of the
effects of molecular changes on the ballistic resistance should now
follow. The correlation should allow for the synthesis of new
polymers designed specifically for high impact resistance.

IV. CONCLUSIONS

We have studied the effects of hot stretching induced
orientation on fr-cture energy and found large changes both perpen-
dicular and parallel to the orientation directions. Orientation does
not improve the ballistic resistance of homogeneous armor but can
,increase the efficiency of composite armor. Processing variables
such as thermal history and relative humidity at working temperatures

-;were shown to have little effect on the ballistic resistance of
polymers, a fact which is importantin design considerations as well

as from a theoretical standpoint.

The establishment of the relationship between thermal and
ballistic properties is of great importance both from the point of
view of the armorer in the selection of materials and. for the
polymer physicist and synthetic polymer chemist in their understand-
ing of the processes that occur in polymers as well as in the
molecular design of materials to accomplish specific tasks. The
backbone composition of the polymer aolecule was demonstrated to be
of overwhelming importance in comparison to the more delicate
configurational shanges induced by processir' of the bulk polymer.
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